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Innovative Liposomes as a Transfollicular Drug
Delivery System: Penetration into Porcine Hair
Follicles
Sascha Jung1, Nina Otberg1, Gisela Thiede2, Heike Richter1, Wolfram Sterry1, Steffen Panzner2 and
Ju¨rgen Lademann1
Liposomes had been widely used for drug delivery in the past. In this study, five different liposomes were used
as a follicular delivery system in pig ear skin. The liposomes mainly differed in their sphere diameter, lipid
composition, and surface charge. A novel class of liposomes being amphoteric in their charge behavior are
compared to established anionic and cationic liposomes. Two different fluorescent dyes, hydrophilic
carboxyfluoresceine or lipophilic curcumin, were enclosed in the liposomes and used as model drugs. The
fluorescent dyes were also applied in a standard formulation for reference. The penetration depth of the dyes
was measured by laser scanning microscopy in histological sections. One hour, 3, 5, and 7 days after application,
biopsies were taken and the penetration depth into the hair follicle was measured in longitudinal sections. The
liposomes showed a higher penetration depth compared to the standard formulation. The relative penetration
depth of the dyes, applied in the standard formulation, averaged 30% of the full follicle length during the whole
observation period, whereas the liposomal formulations penetrated considerably deeper into the hair follicles.
Amphoteric and cationic liposomes reached an average relative penetration depth of approximately 70% of the
full hair follicle length.
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INTRODUCTION
A topically applied substance has basically three possibilities
to penetrate into the skin: transcellular, intercellular, and
follicular (Lademann et al., 2003). The follicular route has
recently received considerable attention and was found to be
an important penetration pathway and a possible space for an
intracutaneous reservoir (Schaefer and Ladermann, 2001;
Lademann et al., 2003; Otberg et al., 2004).
Hair follicles are seen as a promising target for transcu-
taneous drug delivery (Hueber et al., 1992; Lauer et al., 1995;
Schaefer and Lademann, 2001), especially for gene therapy
and vaccination (Christoph et al., 2000; Hoffman, 2000,
2005; Cotsarelis, 2002). Liposomal formulations have shown
to be useful delivery systems for follicular drug targeting (Li
and Hoffmann, 1997; Hoffman, 1998).
Liposomes, mainly consisting of phospholipids, are closed
vesicular structure comprising a bilayer membrane as a
hydrophobic compartment and an aqueous core (Schlee and
Kleber, 1991; Plattner and Hentschel, 2002). They are formed
spontaneously when natural or synthetic amphiphatic mole-
cules are added to an aqueous medium. Furthermore,
liposomes posses an inner compartment filled with the
hydrophilic solution in which they were formed (Kreutzig,
1997). As liposomes have hydrophilic as well as lipophilic
features, they can envelop hydrophilic substances in their
inner compartment and insert lipophilic substances in their
membrane (Schlee and Kleber, 1991). Since the discovery of
liposomes in 1961 by A.D. Bangham, various types have
been developed (Voinea and Simionescu, 2002). Liposomes
may vary in size, lamellarity, surface charge, and membrane
lipid composition, thus allowing optimization to a plethora of
different applications. One important aim is transcutaneous
drug delivery. Owing to the fact that hair follicles can act as a
reservoir for topically applied substances (Otberg et al.,
2004), they are of special interest for transcutaneous drug
delivery. Moreover, they show a high concentration of
Langerhans cells, in the contact region between the excretory
duct of the sebaceous gland and the follicular infundibulum
(Christoph et al., 2000), which makes hair follicles an
interesting target for vaccines and other substances that are
supposed to cause an immune response. It was shown that
the enveloping of a vaccine in liposomes elicits a clearly
increased humoral or cellular immune response, compared to
the non-enveloped vaccine (Irie et al., 2003; Jiao et al., 2003;
Adamina et al., 2004; Gupta et al., 2005).
In this study, innovative liposomes, developed by the
novosom AG, Halle, Germany, were investigated. The
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membranes of these liposomes contain special lipid mixtures
affecting stability, loading efficiency, as well as the cell
transfection rate. All tested liposome types possessed a
relatively high physical stability, but were sensitive to
freezing (Jung, 2004). Additionally, one of them had the
possibility to shift its surface charge, depending on the pH of
the surrounding medium, this switchablility results in an
increased loading efficiency, as well as in providing a
mechanism for liposomes within intracellular delivery.
The aim of the present study was to measure the
penetration depth of different kinds of liposomes and to find
applicable vehicles for efficient transfollicular drug delivery.
Carboxyfluoresceine and curcumin were used as markers for
the aqueous space and the membrane compartment of the
liposomes, respectively, and penetration was measured by
laser scanning microscopy in histological longitudinal
sections. The experiments were carried out on pig ear skin
owing to its high resemblance to human skin. Porcine
skin has large primary follicles and smaller secondary
follicles. Primary pig ear follicles are comparable with
human intermediate follicles (Meyer, 1996; Meyer and
Zschemisch, 2002). Their distribution corresponds well with
the hair follicle density on the human back and chest (Otberg
et al., 2004). Anionic liposomes are widely used as safe
carriers. In addition, cationic liposomes have been investi-
gated for their potential of follicle penetration. Additionally,
the penetration behavior of a novel class of liposomes being
of amphoteric character has been investigated in the present
study. Such liposomes have an isoelectric point at slightly
acidic pH and are developed for intracellular delivery of
cargo molecules.
We wanted to determine whether there were differences
in penetration owing to the diverse properties of the
liposomes. Therefore, the penetration behavior of fluorescent
dyes in liposomal formulation was compared to a standard
formulation.
RESULTS
Twenty-four thousand cryohistological cross-sections were
prepared. Eight hundred and seventy-one of these sections
contained a complete parallel section of a hair follicles. The
871 sections were analyzed by laser scanning microscopy.
Fluorescence was detected in 84% (¼735) of the hair
follicles.
Figure 1 shows a superimposed image of a histological
section of a hair follicle, measured by fluorescence and light
microscopy. The section was obtained from a skin sample
taken on the third day after application of liposome type 2.
Fluorescence could be detected within the stratum
corneum, around the hair shaft, and in the root sheath. The
intensity of the fluorescence decreases in the direction of the
bulbus pili. Within both images, the excretory duct of the
sebaceous gland, located on approximately half the length of
the hair follicle, can be clearly recognized. The close-up in
Figure 1 reveals a fluorescence signal inside the excretory
duct of the sebaceous gland.
Figure 2 shows the fluorescence image of a hair follicle 7
days after application of liposome type 4. Owing to the
slantwise slice, the scales of the outer hair shaft layer are
clearly visible. The distribution of the fluorescent dye can be
detected in the upper parts of the follicle, the follicular
infundibulum.
At each time point and for each liposome type, as well as
for the standard formulation, 20 follicles were evaluated. The
penetration depth of the fluorescent dye in each different
liposomal formulation was measured on the overlay pictures
with the special software program (software LSM 410 invert,
Zeiss, Jena, Germany). In addition, the total length of the
follicle itself was measured. From these values, the penetra-
tion depth related to the total length of the follicle in %
(relative penetration depth) was calculated. The relative
penetration depth allows the comparison of the penetration
depth within follicles of different lengths.
Figure S1 represents a summary of all mean values for the
relative penetration depth. One hour after application, all
formulations, including the standard formulation, had
reached a depth ranging between 30 and 40% of the total
follicular length. After 3, 5, and 7 days, the value of the
standard formulation decreased slightly and remained in the
region of 30%.
Hair
Hair
SC
SC
Excretory duct of
the sebaceous gland
Bulbus pili
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Figure 1. Histological cross-section with hair follicle of a skin sample taken
3 days after application of liposome type 2. SC¼ stratum corneum;
Bar¼500 mm; close up: Bar¼ 100mm.
100 m
Figure 2. Fluorescence image of a histological cross-section of a hair follicle,
taken 7 days after application of liposome type 4. Bar¼ 100mm.
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The liposome types 4 and 5 reached the highest relative
penetration depth with values up to 69% of mean follicle
length. These two liposomes showed the highest penetration
depth on day 5.
Liposome type 2 showed increasing values of the relative
penetration depth. Liposome types 1, 4, and 5 showed
increasing values until day 5 after application. At day 7,
values decreased in comparison with the previous measure-
ments. Liposome type 3, containing curcumin, showed a
maximum of the relative penetration depth at day 3 after
application, at approximately 48%.
On day 1, only liposome type 2 showed a significantly
higher penetration depth. On day 3, all liposomal formula-
tions showed a significantly higher penetration depth
compared to the basic cre`me formulation. On days 5 and
7, especially liposome types 4 and 5 showed a significantly
higher penetration rate compared to all other formulations.
DISCUSSION
The present study illustrates that the tested liposomes
penetrate deeply into 84% of the porcine hair follicles.
Compared to a standard formulation, all investigated
liposome types had reached a higher maximal penetration
depth, ranging between 35 and 69%.
The highest penetration depths were reached by the
liposome types 4 and 5. These liposome types, which are
amphoteric (liposome type 4) and cationic (liposome type 5),
have a positive or an unloaded surface charge under study
conditions. The amphoteric liposome type 4 has a negative
surface charge at pH 7.5, which is the condition of the
applied sample. Whereas, the surface of liposome type 5 is
positively charged. However, taking into account the
experimental conditions, as well as the switchability of
liposome type 4, this liposome type had a nearly unloaded
surface during the penetration experiment owing to the fact
that porcine skin shows a pH of 6–7 (Meyer and Zschemisch,
2002), the charge of the particles is slightly anionic to neutral
at the skin surface. Particles penetrating might face a more
and more acidic environment as the sebum contains large
amounts of free fatty acids. Negatively charged liposomes,
like liposome type 1, reached the lowest penetration depth
maximum. Therefore, it can be assumed that the surface
charge plays an important role in the penetration behavior of
a given liposome type.
The data presented here make it tempting to speculate that
the phase transition temperature of the investigated liposome
types does affect the penetration depth. Being based on
dipalmitoylphosphatidylcholine with a Tm of 411C, the
liposome types 1 and 2 might be more rigid than types 4
and 5. The latter ones comprise large amounts of dipalmitoyl-
phosphatidylcholine (DMPC), a lipid having a Tm of 231C
supporting the notion of a more flexible bilayer structure.
However, such interpretation needs additional data as other
lipids present in the mix may affect the Tm or cholesterol will
suppress a macroscopic phase transition.
Moreover, a cationic charge seems to be helpful for
penetration. As skin itself and the hair are negatively charged
on their surface, cationic particles will bind in an ion–
exchange manner and consequently reach high local con-
centrations. To what extent the resulting steeper gradient
promotes penetration or the actual binding of the liposomes
to these surfaces inhibit penetration is not clear and cannot
be concluded from this study. This perspective, however,
might be helpful in the interpretation of the superior
penetration of the amphoteric liposomes: binding to both
the follicular ducts and the hair root increases with
acidification. As such, a binding sink is created that would
result in a movement in lieu with the penetration direction.
Once again, this is speculative and other considerations need
to be taken into account.
Although all particles used here were tested for their
stability against serum, nothing is known about their stability
in sebum. As the fluorescence pattern in the micrographs is
punctate and not an even one, however, has to assume that a
large portion of the particles remain intact during penetration.
On the contrary, carboxyfluorescein as a marker may not
penetrate in sebum or its fluorescence might be quenched
owing to the low pH of the environment.
The diameters of the liposome types have a minor
influence on penetration. First of all, the difference in
diameters of the liposome types 4 and 5 almost amounts to
26%. Nevertheless, the reached maximum penetration depth
of both liposome types is similar. Secondly, there is no
correlation between the diameters of the different liposome
types and their maximum penetration depths.
Four of the applied liposome types, as well as the standard
formulation, showed a decrease of the penetration depth in
time. This might be explained by the drying procedures of the
skin tissue. In such cases, the liposomes could be pressed out
of the hair follicles owing to the tight reticulum of connective
and epithelial tissue fibers surrounding the follicles.
Hair follicles were shown to be a promising target for
transcutaneous vaccination and gene therapy (Hoffman,
1998), as they are rich in immunocompetent cells in the
infundibular part of the root sheath and around the excretory
duct of the sebaceous gland in human hair follicles
(Christoph et al., 2000).
The infundibulum of hair follicles reaches from the
epithelial orifice down to the confluence of the excretory
duct (Tru¨eb, 2003). Our observations within the present study
showed that the infundibula of porcine hair follicles on
average extend to approximately 50% of the follicle length.
The infundibula of human hair follicles extend over 25 up to
33% of the follicle length (Stevens and Lowe, 1992). Taking
into consideration the high penetration depth in pig ear skin
and the absolute length of the human hair follicle, all applied
liposomal formulations had the potency to act as a follicular
drug delivery system in human skin. Penetration beyond the
infundibulum could be a greater advantage for substances
that are designed to provoke an immune response. First of all,
immune cells are found below the infundibulum in direction
to the bulbus pili. Deeper penetrated vaccine or DNA-
containing liposomes could possibly elicit a higher immune
response, compared to liposomes that penetrate not deeper
than the extent of the infundibulum. Secondly, liposomes that
are able to penetrate below the confluence of the excretory
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duct of the sebaceous gland are no longer flushed out by
sebum. The environment of the follicular infundibulum
obtains a continuous stream of sebum from the outlet of the
sebaceous gland towards the follicular orifice. Penetration
below the infundibulum would mean beyond the decisive
region of the sebum stream. Furthermore, it was observed that
the liposomes attached themselves to scales of the hair shaft
(Figure 2). This mechanism could possibly slow down the
penetration process, on the one hand, and decelerate the
flushing out by the sebum stream, on the other. It needs to be
mentioned here, that penetration is only a necessary but not a
sufficient condition for an effective vaccination. Any antigen
needs to be presented to the immune cell in a productive
way. Amphoteric liposomes and cationic liposomes can
mediate the intracellular delivery of such antigens, therefore
potentially achieving a more effective stimulation and a
different type of immune response. Further studies will detail
the effect on the immune response.
In summary, in the present study, a methodology was
established to compare the penetration depth of different
liposomal drug carriers into the hair follicle. Liposomes
penetrate deeper into the hair follicle than standard formula-
tions. Thus, liposomes could increase the transfollicular drug
uptake. Liposomes with a positive or a very weak negative
surface charge (cationic or amphoteric) and with a phase
transition temperature, which is in the range of the skin
temperature or below, have the highest efficacy of follicular
penetration. These types of liposomes might be more suitable
for follicular drug delivery compared to anionic liposomes
with a constant surface charge.
MATERIALS AND METHODS
Liposomes and formulation
All investigated types of unilamellar liposomes contained a
fluorescent dye. The liposome types 1, 2, 4, and 5 enclosed
carboxyfluoresceine, a hydrophilic fluorescent dye, in their inner
compartment. Liposome type 3 contained curcumin, a lipophilic
fluorescent dye, that inserted in the membrane.
Anionic liposomes in sample 1 were made from dipalmitoylpho-
sphatidylcholine, dipalmitoylphosphatidylglycerole, and cholesterol
(50:10:40 mol%), cationic liposomes in samples 2 and 5 were made
from dipalmitoylphosphatidylcholine, 3b-[N-(dimethylaminoethane)
carbamoyl]cholesterol, and cholesterol (50:10:40 mol%) or dimyristoyl-
phosphatidylcholine, N-(2,3-dioleoyloxy-1-propyl) trimethylammonium
methyl sulfate, and cholesterol (50:10:40 mol%), respectively. Ampho-
teric liposomes in sample 4 were constructed from dimyristoyl-
phosphatidylcholine, N(a)-L-histidinyl-cholesterolhemisuccinate, and
cholesterol (50:10:40 mol%).
In brief, lipids were dissolved in chloroform/methanol (3:1) and
dried down under vaccum in a rotary evaporator. Carboxyfluor-
esceine (Molecular Probes) was dissolved at 100 mM in 10 mM N-[2-
hydroxyethyl]piperazine-N0-[2-ethanesulphonic acid] and 150 mM
NaCl, and pH was re-adjusted to 7.5 using sodium hydroxide. Lipid
films were hydrated at 601C with 2 ml of the carboxyfluoresceine
solution with a total lipid concentration of 50 mM in the suspension.
The suspensions were frozen and thawed for three times and
eventually extruded through polycarbonate filters of 400 nm nominal
pore width. Non-encapsulated carboxyfluoresceine was removed by
gel filtration using PD10 columns (Amersham Pharmacia) according
to the instructions of the supplier.
Further features of the investigated liposome types are shown in
Table S1.
The stem solution in which each liposome type is dispersed was
N-[2-hydroxyethyl]piperazine-N0-[2-ethanesulphonic acid]-buffered
(10 mM N-[2-hydroxyethyl]piperazine-N0-[2-ethanesulphonic acid])
also containing 150 mM NaCl. The pH value amounted to 7.5.
A standard formulation containing 5% carboxyfluoresceine was
provided by the Institute of Pharmaceutical Technology and
Biopharmacy, Martin-Luther-University, Halle-Wittenberg, Germany.
The composition of the standard formulation with carboxyfluoresceine
is shown in Table S2.
Model tissue
Pig ear skin was used as a model tissue because of its similarity to
human skin and because of the high number of biopsies, which were
necessary for the experiment. The pig ears were derived from female
pigs (sus domesticus), which were provided by a local butcher and
were slaughtered not more than 5 hour before the experiment was
started. The pig ears were carefully cleaned with clear water and
swabbed with paper towels. The hair was clipped to a maximal
length of 1 cm. Throughout the whole test period of 7 days, the ears
were stored at 51C. The test formulations were applied to the back of
the ear; previous studies have shown that this area correlates best to
human skin (Meyer, 1996, Meyer and Zschemisch, 2002). The
application areas were free of structural changes like scratches,
erosions, or scars, as such skin damages could affect the penetration
procedure (Schaefer and Lademann 2001).
Test areas and application
Two samples were applied simultaneously to the dorsal side of one
pig ear in defined test areas, which both consisted of four
subdivisions. Before application, the test areas were surrounded by
a barrier (ART-GLASSs by WACOs – peelable dye, Heinrich
Wagner, Zurich, Switzerland) to prevent lateral spreading of the
applied formulations. 0.02 ml of the liposome stem solutions,
respectively, 2 mg of the standard formulation, were applied to
1 cm2 skin. After application, the samples were spread homo-
geneously with a spatula. Skin biopsies (5 5 mm) were taken at four
different time points: 1 hour, 3, 5, and 7 days after application. Each
Test area 1
Test area 2Barrier substance
1 hour
3 days
5 days
7 days 1 hour3 days
5 days
7 days
Figure 3. Arrangement of the test areas and their subdivisions. Pig ear with a
scheme of two test areas (each 4 4 cm) and their subdivisions (each
1 4 cm). Biopsies were taken from a different subdivision at different time
points (1 hour, 3, 5, and 7 days after application).
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biopsy was taken from a different section of the test area. Figure 3
shows a pig ear with two test areas.
Skin sectioning and laser scanning microscopy
Five skin samples were taken from each subdivision shown in
Figure 3 to guarantee an adequate number of hair follicles. After a
7-day test period, 20 samples had been taken from each test area.
For the determination of the penetration depth, cryohistological
cross-sections were prepared (skin sectioning device: SLEE-Kryostat
MTE, SLEE Technik GmbH, Mainz, Germany; embedding medium:
Killiks – cryostat embedding medium, Bio Optica, Milano, Italy;
microscope slides, R. Langenbrinck, Emmendingen, Germany).
Figure S2 shows a scheme of the procedure.
Porcine ear skin can exhibit autofluorescence within the range of
a wavelength spectrum starting at 520–560 nm, which can super-
impose signals arising from applicated fluorescence emitter. There-
fore, the measurements were carried out in the spectral range
between 590 and 680 nm, using a laser scanning microscope (LSM
410 invert, Zeiss, Germany). In this manner, autofluorescence effects
can be excluded. Skin samples were taken from outside the test area,
as a reference, to exclude autofluorescence.
The penetration depth of the applied dyes and the length of every
single hair follicle in each skin biopsy were measured by means of a
digital image analysis and a special software program (Confocal
scanning laser microscope, software LSM 410 invert, Zeiss, Jena,
Germany). The distinct position of the liposomes and the standard
formulation were determined by superimposing the images of
fluorescence and light microscopy.
The study had been approved by the ethical commission of the
Charite´ University Clinic, Berlin, Germany.
For statistical analysis, we utilized Mann and Whitney’s U-test for
the comparison of two variables and Kruskal and Wallis’s H-test for
the comparison of more than two variables and SPSS software (SPSS,
Chicago, IL).
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